Addressing the unclear mechanism of DEHP-induced reproductive dysfunction, this study used GC-2spd cells to investigate the molecular mechanism involved in the DEHP-induced toxicity in the male reproductive system. The results indicated that the apoptotic cell death was significantly induced by DEHP exposure over 100 µM.
Furthermore, DEHP treatment could induce oxidative stress in GC-2spd cells involving in the decrease of superoxide dismutase (SOD) activity (200 µM) and glutathione peroxidase (GSH-Px) activity (50 and 100 µM). In addition, DEHP induction also caused the elevated ratios of Bax/Bcl-2, release of cytochrome c and decomposition of procaspase-3 and procaspase-9 in GC-2spd cells. Taken together, our work provided the evidence that DEHP exposure might induce apoptosis of GC-2spd cells via mitochondria pathway mediated by oxidative stress. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 (Zoeller et al., 2012) . These environmental xenobiotics may lead to dysgenic development of reproductive organ (Borch et al., 2004; Parks et al., 2000) and abnormal reproductive functions in adulthood (Daxenberger, 2002) Di(2-ethylhexyl) phthalate (DEHP), a phthalate derivative and a well-recognized EDC, is widely used as a plasticizer and solvent in polyvinyl chloride (PVC) products, cosmetics, children's toys, shampoos, medical tubing, and other products (Cho et al., 2015; Erkekoglu et al., 2011) . Not covalently bound to the plastic matrix or other chemicals in the formulations, DEHP can readily leach out of the plastic products and cause contamination in the external environment (Li et al., 2012a; Li et al., 2012b) .
Thus, increasing populations face the exposure risks to DEHP through contaminated foods, food packaging, or medical products (Koo and Lee, 2004; Silva et al., 2006) .
Many previous studies have reported the adverse effects of DEHP on male reproductive system. In rats, DEHP exposure resulted in testis weight loss, delayed preputial separation, and decreased serum testosterone (Botelho et al., 2009; Helal, 2014) . For marine medaka, a reduced number of spermatozoa were induced by DEHP (Ye et al., 2014) . In human, an occupational exposure model demonstrated that maternal exposure to phthalates increased the risks of hypospadias in offspring (Ormond et al., 2009) . Most of these studies addressed the alteration of reproductive system in histomorphology caused by DEHP exposure, however neglecting the detailed mechanisms of DEHP on reproductive system. Spermatogenic cells apoptosis is reported as a sensitive marker for testicular histopathology (Park et al., 2002; Wang et al., 2010) . Apoptosis is a process of spontaneous and programmed cell death, with the roles in maintaining the evolution and homeostasis as well as the development of several system (Hotchkiss et al., 2009 ).
Spermatogenic cells include spermatogonia, spermatocytes, spermatids, and . Spermatogenesis represents the development process of immature spermatogonia into spermatozoa in seminiferous tubules (RAO and SHAHA, 2000) . It is well known that normal spermatogenesis is a complex and coordinated process of cell differentiation which depends on a balance of cell apoptosis and proliferation (Qu et al., 2014) , and the alteration in apoptosis rate might lead to the disruption in spermatogenesis (Shukla et al., 2012; Tripathi et al., 2009 ).
The exposure to DEHP or MEHP was reported to increase germ cells apoptosis in rat testis (Giammona et al., 2002; Kijima et al., 2004; Park et al., 2002) . Pachytene spermatocytes have been suggested to be vulnerable to DEHP-induced apoptosis in the testis (Zoeller et al., 2012) . To date, few studies investigated the apoptosis pathway induced by DEHP in pachytene spermatocytes.
The present study aims to reveal the effects of DEHP concentration on apoptosis of GC-2spd cells, a mouse pachytene spermatocyte-derived cell line, and discuss the mitochondria-mediated apoptotic pathway. By quantifying the expressions of Bax, Bcl-2 and cytochrome c in DEHP-induced apoptosis, we identified that caspase family members play an important role in spermatogenesis and apoptosis. It is also of interest to determine the regulation of caspase-3 and caspase-3-9 in DEHP-induced apoptosis.
MATERIAS AND METHODS

Subculture of GC-2spd Cells and Cell Treatment
The GC-2spd cells were presented by Nanjing Medical University. The cells were cultivated with modified RPMI-1640 medium (HyClone, Beijing, China), containing 10% fetal bovine serum (Invitrogen, USA) and supplemented with 1% penicillin and streptomycin (Genom, China), in a moist atmosphere (95% air and 5% carbon dioxide, v/v) at 37°C. The culture medium was renewed every other day.
DEHP (Sigma-Aldrich, USA) was dissolved to different concentrations with dimethyl sulfoxide (DMSO, Sigma-Aldrich, USA) as stock solution, followed by serious dilution with culture medium to different final concentrations (50, 100, 200, 400 µM) which were chosen according to our preliminary results. In the control group, 
Measurement of Malondialdehyde (MDA) Level, Superoxide Dismutase (SOD) Activity and Glutathione Peroxidase (GSH-Px) Activity
The treated GC-2spd cell pellets were lysed in 0.5 mL cell lysis solution (containing 1 xanthine-xanthineoxiase system. The one unit of SOD activity was defined as the inhibition ratio of NBT reduced by 50 percent. GSH-Px is the key enzyme in the process of glutathione (GSH) to oxidized glutathione, and its activity was assayed by the reduction of GSH. The one unit of GSH-Px activity was defined as the 1µM reduction of GSH in 1 min per mg protein.
Real time quantitative PCR
Real time quantitative PCR (RT-qPCR) was performed to determine the mRNA levels of cytochrome c, caspase-9, caspase-3, Bcl-2, Bax, and β-actin. The total RNA was extracted from the treated GC-2spd cells using Trizol reagent (Invitrogen, USA)
according to the methods of Shi, et al (Shi et al., 2009 ). RNA purity was tested by BioPhotometer (Eppendorf, Germany), which showed a satisfactory optical density 5'-TCACTCTTCTTTTTGATACC-3'), caspase-9
(5'-GCAAAGGAGCAGAGAGTAGT-3'; 5'-TCCCTGGAACACAGACATCA-3'), caspase-3 (5'-GTCTGACTGGAAAGCCGAAA-3';
5'-GCAAAGGGACTGGATGAACC-3'), Bcl-2 (5'-ACTTCTCTCGTCGCTACCGT-3'; 5'-ACAATCCTCCCCCAGTTCAC-3'), Bax anti-procaspase-9 (Santa Cruz Biotechnology, USA) and anti-procaspase-3 (Bioworld Technology, USA) at 1:1000 dilution. Then the membranes were incubated at 37°C
for 2 h with the secondary antibody combined with horseradish peroxidase (1:5000 dilution, Amersham Pharacia, UK). Finally, the immune-reactive proteins were detected using an ECL western blotting detection system (Pierce Biotechnology, USA), and the densitometric analysis of immunoblots was performed with Gel pro 3.0 software. 
Statistical Analysis
RESULTS
DEHP Inhibited the Viability of GC-2spd Cells
Treated with 50, 100, 200 and 400 µM DEHP for 24h, the viability of GC-2spd cells were analyzed by MTT assay and the results were illustrated in Figure 1 . Compared to the control, the viability of GC-2spd cells was significantly reduced (P<0.05) in the treatments with 200 or 400 µM DEHP. Particularly in 400 µM DEHP treatment, the cellular viability was less than 70% of that in the control. Accordingly, 50, 100 and 200 µM was the optimal concentration to study the impacts of DEHP on apoptosis and was used in the following experiments.
DEHP-induced Apoptosis of GC-2spd Cells
After exposing GC-2spd cells to different concentrations of DEHP (50, 100 and 200 µM) for 24h, the results of Annexin/PI double staining characterized the phosphatidylserine exposure and revealed the DEHP-induced apoptosis of GC-2spd cells. From Figure 2 , the dose-effect relationship was identified between DEHP exposure and apoptotic cell death. A significantly increasing apoptotic ratios of GC-2spd cells were found in the treatments with 100 and 200 µM DEHP (P<0.05).
Effects of DEHP on MDA Level, SOD Activity and GSH-Px Activity in GC-2spd Cells
To assess the influence of oxidative stress, MDA level, SOD activity and GSH-Px activity were measured in GC-2spd cells. As illustrated in Figure 3 , DEHP induction showed slightly positive dosage effect on MDA level, but without significant difference compared to the control (P>0.05). The SOD activity was limited affected after exposure to 50 and 100 µM DEHP, but significantly declined in 200 µM DEHP treatment (P<0.05). As for GSH-Px activity, a remarkable decrease was found in 50 
DEHP Affected Expression of Cytochrome c, Caspase-3, Caspase-9, Bcl-2 and Bax in GC-2spd cells at mRNA LeveL
The mRNA levels were detected by RT-qPCR in the GC-2spd cells exposed to different concentrations of DEHP. The transcriptional changes of cytochrome c, caspase-3 and caspase-9 were shown in Figure 4(D) . Cytochrome c mRNA levels in 100 and 200 µM treatments were significantly higher than that of the control (P<0.05).
Compared to the control, caspase-9 was remarkably higher transcribed when exposed 
DISCUSSION
The present study revealed that DEHP was toxic to GC-2spd cells, resulting in their decreasing viability and the induction of apoptosis. Furthermore, mitochondria-related proteins (cytochrome c, Bax and Bcl-2) might play critical roles in DEHP-induced apoptosis.
Apoptosis is an important process to eliminate unwanted or defective cells through an orderly process of cellular disintegration (Ameisen, 1996) and the alteration in apoptosis rate may result in disruption in spermatogenesis (Shukla et al., 2012; Tripathi et al., 2009) . Previous studies have already reported that some known endocrine disruptors could induce spermatogenic cell apoptosis, such as MEHP (an active metabolite of DEHP) (Awal et al., 2004) , bisphenol A (BpA) (Wang et al., 2010) and aroclor 1254 (Qu et al., 2014) . In the present study, we revealed the effects of DEHP exposure on GC-2spd cell apoptosis using flow cytometric assessment. Our results suggested that a significant apoptosis of GC-2spd cells was induced after Oxidative stress is often caused by various environmental pollutes. Constant oxidative stress can produce an imbalance between endogenous and exogenous reactive oxygen species (ROS) levels, which subsequently lead to lipid peroxidation, antioxidant defenses and even oxidative damage in organisms (Khan et al., 2015; Ott et al., 2007; Valavanidis et al., 2006) . There is a general agreement that male reproductive organs are particularly susceptible to oxidative stress, which ultimately lead to impaired fertility (Jacobson, 1996) . Song found that p,p'-DDE exposure induced the apoptosis of rat sertoli cell via oxidative stress with the elevation of ROS, decrease in SOD activity, and increase in the leakage rate of lactate dehydrogenase (LDH) and MDA levels (Song et al., 2008) . Madhubabu reported that oral exposure to allethrin had increasing lipid peroxidation and declining activities of catalase, glutathione peroxidase, glutathione-S-transferase and superoxide dismutase, consequently affecting fertility (Madhubabu and Yenugu, 2014) . In the present study, SOD and GSH-Px (ROS scavengers) were depleted and MDA was accumulated as a product of lipid peroxidation in GC-2spd cells, consistent with previous findings that DEHP exposure induced spermatogenic disturbance mediated by oxidative stress (Hirai et al., 2015) . Once triggered by apoptotic signals, the BH3-only proteins such as Bid (Desagher et al., 1999; Wei et al., 2000) and Bim (Gavathiotis et al., 2008; Kim et al., 2009 ) act as direct activators to induce oligomerization and enhance pore-forming activity of Bax.
Then the homodimer Bax/Bax with the structure of micropore will induce MOMP and allow the release of mitochondrial IMS proteins (e.g. cytochrome c) (Kluck et al., 1997; Liu et al., 1996) to activate the cell death proteases called caspases (Cory and Adams, 2002) . Bcl-2 is located on outer mitochondrial membrane. It can combine the Bax competitively to form more stable heterodimer Bax/Bcl-2 and therefore inhibit the apoptosis induced by the Bax/Bax (Rogerio et al., 2006) . Thus, Bcl-2/Bax ratio is very important in apoptosis regulation. The down-regulation of Bcl-2 protein and the up-regulation of Bax protein can cause MOMP and induce cell apoptosis eventually (Kim et al., 2015) . The present study showed an increasing expression of Bax at both mRNA and protein levels in GC-2spd cells after exposure to DEHP, accompanying with the decreasing expression of Bcl-2. Thus, a declining Bcl-2/Bax ratio was observed in DEHP treatments, compatible with the findings that the exposure of mice to BPA during puberty resulted in a significant increase in Bax/Bcl-2 ratio in testes and a consequent increase in germ cells apoptosis (Wang et al., 2010) . Budihardjo et al., 1999) . In agreement with the theory, our study showed that the cytochrome c was upregulated after 200µM DEHP treatment at both mRNA and protein levels. Procaspase-9 and procaspase-3 are the inactive precursor forms of caspase-9 and caspase-3. Our results illustrated the increasing mRNA levels of caspase-9 and caspase-3, intrinsically linked to the decreasing protein levels of procaspase-9 and procaspase-3 in DEHP-treated GC-2spd cells. These data is consistent with previous findings that BPA caused the release of cytochrome c and subsequently increased the expression of caspase-3 significantly in GC-2spd cells confirming the involvement of mitochondria-dependent pathway in BPA-induced apoptotic events in GC-2spd cells (Qian et al., 2015) . However, Wójtowicz et al (Wojtowicz et al., 2007) reported decreasing caspase-3 in DDE-treated JEG-3 cells.
The different mechanism for DEHP and DDE in different cell lines may be the best explanation.
Frankly, there are some limitations in the present study. Firstly, the ROS inhibitor such as N-acetyl-l-cysteine (NAC) might affect the apoptosis induced by DEHP and should be tested here to get more convictive conclusions. Additionally, it is well known that apoptosis occurs via two primary pathways: the extrinsic pathway, which and some more studies should be included and will be further investigated on another pathway.
In conclusion, DEHP induced the apoptotic rate in GC-2spd cells, possibly explained by the mechanism involving mitochondria-mediated pathway. In vitro exposure to DEHP can enhance oxidative stress, induce an increasing expression of Bax, cytochrome c, caspase-9 and caspase-3 at both mRNA and protein levels, and suppress the expression of Bcl-2 in GC-2spd cells. Mitochondrial pathway is an extrinsic program of apoptotic death, which is characterized in this study by the disruption of Bcl-2/Bax balance and the activation of cytochrome c and caspase-9.
Finally, the apoptosis of GC-2spd cells is regulated by a final executioner, Caspase-3, thereby disturbing the spermatogenic process. The results in the present study provide preliminary but valuable evidence on the mechanisms of DEHP-induced apoptosis of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
